Abstract
INTRODUCTION
Plant communities are regulated by both bottom-up and topdown processes (Dyer and Letourneau 1999; Krebs 2009 ). Bottom-up effects relate to the availability of resources, such as light, soil moisture and nutrients, and the flow-on effects to higher trophic levels (Didham and Lawton 1999) . Top-down effects relate to the influence of consumers, such as predation and herbivory (McNaughton et al. 1989; Schmitz 2003) , and the flow-on effects to lower trophic levels (McQueen et al. 1989 ). Together, bottom-up and top-down effects structure ecosystems around the world (Hoekman 2010; Huryn 1998; Stoler and Relyea 2013) .
Although often presented as a dichotomy, bottom-up and top-down processes can, and often do, act in concert (Hoekman 2011) . For example, in seagrass communities, the influence of fragmentation (a bottom-up effect) and herbivory (a top-down effect) combines, such that the additive effects of the two controls can exacerbate structural losses and affect primary production (Gera et al. 2013) . In other instances, top-down and bottom-up processes interact or have synergistic effects (Whalen et al. 2013) . For example, the effects of apex predators on mesopredators can be mediated by bottom-up effects (i.e. ecosystem productivity), such that the most rapid rates of predator decline occur in productive regions (Elmhagen and Rushton 2007) . Despite this, our understanding of the relative importance of bottom-up and top-down effects, and the potential for interactions, is limited (Heck and Valentine 2006) .
Habitat fragmentation has been shown to modify both bottom-up (e.g. microclimate and soil nutrients; Denyer et al. 2006; Scholes and Norwicki 1998) and top-down (e.g. predation and herbivory; Abbas et al. 2011; Crooks and Soulé 1999) controls on ecosystems. Fragmentation can influence vegetation structure via alterations to growing conditions (Didham and Lawton 1999) , or indirectly, by altering the distribution and abundance of herbivores that have a strong influence on vegetation structure via direct consumption and trampling (Alder et al. 2001; Hobbs 1996; Milchunas et al. 1988; Plumptre 2008; Sala 1988) . Such impacts can flow-on to affect other taxonomic groups (Cadenasso and Pickett 2001; Foster et al. 2014) . Hence, there is potential for fragmentation and mammalian herbivory to interact in ways that are not well understood (del la Vega et al. 2012; Terborgh et al. 2001) .
Here, we use a large-scale manipulative experiment, the Wog Wog habitat fragmentation experiment (WWHFE), to examine the effects of habitat fragmentation on herbivore activity, and how fragmentation and mammalian herbivory combine to influence the growth of understorey plant species. The WWFE includes replicated eucalypt fragments embedded within a mature pine plantation (Fig. 1) , together with control sites situated in continuous forests. First, we measured herbivore activity in eucalypt fragments and controls to determine if fragmentation has altered herbivore activity and, therefore, grazing pressure. Second, we conducted a transplant experiment that includes paired herbivore exclosures situated in eucalypt fragments and continuous forests, to assess the effects of fragmentation and mammalian herbivory, both independently and together, on the growth of four plant species. Finally, we assess statistical models that allow for independent, additive or interactive effects of fragmentation and herbivory to reveal whether plant growth is governed primarily by top-down or bottom-up controls or their interactions.
MATERIALS AND METHODS

Study site
Our study was undertaken at the WWHFE (Fig. 1) , a largescale, long-term manipulative experiment exploring the effects of fragmentation on a range of taxa in a pine plantation landscape (Davies and Margules 1998; Margules 1992 ). The WWHFE is located in south-eastern New South Wales, Australia (37°04′30″S, 149°28′00″E). The landscape is a tableland range dominated by granite geology with grassy to shrubby open eucalypt forests as the principal native vegetation type. The study site climate is temperate with summerdominated rainfall (mean annual rainfall 646 mm; http:// www.bom.gov.au/climate/data, date of accession: 27 March 2013, weather station: Bombala (Therry Street)). In addition, the study area has recently (~2010) been released from one of the most severe and extended droughts in a century (http:// www.bom.gov.au/climate/data, date of accession: 27 March 2013, weather station: Bombala (Therry Street)), and has not been subject to fire since the experiment began (Austin and Nicholls 1988) . The experimental design is described in Margules (1992) . Briefly, the study site consists of three fragment sizes (0.25, 0.875 and 3.062 ha), each replicated six times and arranged into blocks (Fig. 1) . The landscape surrounding four fragment blocks was cleared in 1987, and subsequently converted to a Pinus radiata timber plantation in 1988, resulting in the creation of 12 isolated Eucalypt forest fragments, all of which were included in this study. Two blocks remained unfragmented and serve as native forest controls. Only the four largest forest patches within the unfragmented control blocks (i.e. 'control' plots) were used as part of this study to ensure an equal number of sites in patches of differing sizes (n = 4). All fragments and continuous forest plots are located on south-west-facing slopes and separated by at least 50 m.
Local vegetation at the site is a function of topography as it affects drainage (Austin and Nicholls 1988; Margules 1992) . Two distinct understorey vegetation types were identified at the WWHFE prior to the fragmentation treatment: (i) 'drainage lines' dominated by shrubs and (ii) 'slope environments' dominated by grasses and forbs (Austin and Nicholls 1988) . The proportion of each understorey vegetation type was held constant within fragments and continuous forest sampling areas. Only slope environments are considered in this study. We assume, based on the initial site selection (Austin and Nicholls 1988) , that all plots were relatively similar to each other in composition and structure prior to fragmentation, and that subsequent differences at the time of data collection (i.e. 23 years post-fragmentation) were the result of fragmentation.
Numerous native vertebrate herbivores were documented at the study site including macropods (i.e. Eastern Grey Kangaroo Macropus giganteus Shaw 1790, Swamp Wallaby Wallabia bicolor Desmarest 1804, Red-necked Wallaby Macropus rufogriseus Desmarest 1817) and a vombatid (Common Wombat Vombatus ursinus Shaw 1800). Each species is known to have a home range that exceeds the largest fragment size used in this study (home ranges vary from 11.8 ha for M. rufogriseus to 145 ha for M. giganteus; Fisher and Owens 2008) .
Study species
Four native plant species were selected as 'target species' to investigate the interactive effects of mammalian herbivory and habitat fragmentation on plant growth: Kunzea ericoides (hereafter 'Kunzea'), Xerochrysum bracteatum (hereafter 'Xerochrysum'), Cassinia longifolia (hereafter 'Cassinia') and Poa meionectes (hereafter 'Poa'). These species were chosen because they represent a range of growth forms (grasses, herbs, shrubs, further descriptions below) and they are representative of species that are both common (Kunzea and Poa) and uncommon (Cassinia, Xerochrysum) within the native forests in and around the study area (Farmilo et al. 2014; Morgan and Farmilo 2012) . Although there is limited information on the palatability of these species to mammalian herbivores, this was another consideration in our species selection. We assumed that Kunzea and Xerochrysum were of lower palatability compared to Cassinia and Poa (based on Kaval 2006; Leigh et al. 1987; Simmonds et al. 2000; Walsh and Entwisle 1994) .
Kunzea is a shrub to 5 m high, and is common across southeastern Australia (Walsh and Entwisle 1999) . Xerochrysum is a short-lived perennial herb to 1 m high, widespread across Australia in various habitats (Walsh and Entwisle 1994) . Cassinia is an erect shrub to 3 m high, locally common in dry open forests, often on rocky soil (Walsh and Entwisle 1994) . It is widespread across eastern Australia forming dense stands following fire or other disturbance (Walsh and Entwisle 1994) . Poa is a tussock-forming perennial grass, locally common in cooler, forested areas up to 800 m altitude on a variety of soil types (Walsh and Entwisle 1996) .
Seedlings of Cassinia, Kunzea and Xerochrysum were grown from seed collected from the study site. Seed was bulk germinated in trays and individual seedlings were transferred to 50 mm forestry tubes after 20 days to establish for a further 2 months prior to transplanting at the study site. Poa seed viability was low. Therefore, we collected even-sized tussocks from near the experimental landscape and divided the tussock into individual tillers. Tillers were transplanted into forestry tubes and were also allowed 2 months to establish prior to transplanting in the field; for the purposes of this study, Poa tillers are described as 'seedlings'.
Data collection
The effect of fragmentation on herbivore activity
Faecal scat (hereafter 'scat') surveys were conducted on two separate occasions using two circular plots (12.5 m 2 ) located in the centre of each forest fragment and control site. Scat surveys are an accepted and frequently used method of indirectly surveying herbivore occurrence (Leonard et al. 2010) as scat density is closely related to herbivore activity (Bakker et al. 1983; Johnson and Jarman 1987; Welch 1984) . Scat plots were initiated in February 2012 and all existing scats were removed. Plots were assessed in May, and again in June 2012 by counting and removing scats, prior to subsequent censuses. The removal of scats ensured that only recent scats were recorded as macropod scats can appear fresh for many months (Telfer et al. 2006) . We counted the number of clusters of scats (i.e. scats from a single faecal event) at each site, and identified their source to the lowest taxonomic level possible (usually species). The two scat plots at each site were then pooled across the two surveys to calculate an overall count for each site. Scat counts were also pooled across all species, as scat counts at the species level were too low for separate analyses. Thus, our measure is a surrogate for the overall activity of mammalian herbivores at a site.
The effects of herbivory and fragmentation on plant growth
Growth is an important measure of individual plant fitness (Horvits and Schemske 2002) . Plants that maintain a positive growth balance are more likely to move into other life history stages (e.g. flowering, seed production) and contribute to the next generation (Marquis 1984) . Therefore, plant growth was considered a suitable response variable to assess effects of fragmentation and herbivory.
To determine the effects of herbivory and fragmentation on plant growth, we constructed paired plots (fenced, unfenced) in the centre of all 12 forest fragments and four control areas. Within each fragment or control area, 10 seedlings of each of the four target species were transplanted semi-randomly into each plot in October 2010. Individual seedlings were watered (~100 ml) on planting to aid establishment. A fenced 2 × 3 m plot was constructed from 10 mm gauge wire to a height of 1.5 m. Fences were erected to omit all vertebrate herbivores at a single plot, while the adjacent plot remained as an unfenced control. After 1 month, dead plants (<5%) were replaced. After 21 months, aboveground biomass of all target species was harvested, dried and weighed. Where the majority of individuals from a species had senesced prior to biomass collection (e.g. Xerochrysum), the difference in basal diameter between January 2011 and July 2011 was calculated. Therefore, biomass (Poa, Kunzea and Cassinia) and difference in basal diameter over time (Xerochrysum) were both used as measures of plant growth.
Data analysis
All analyses were conducted within R (version 2.15.1, http:// www.R-project.org). We used generalized linear mixed models (GLMMs) to compare (i) herbivore scat counts in relation to fragment attributes (i.e. fragmentation, fragment size) and (ii) plant growth in relation to both herbivory (i.e. fenced versus unfenced) and fragment attributes. GLMMs are an appropriate analytical technique when data are spatially clustered or hierarchical in nature as they allow the specification of both fixed and random effects (Zuur et al. 2009 ). Therefore, in each model, we included a nested random effect reflecting the hierarchical nature of the experimental design, where fragments are nested within blocks (Fig. 1) . Continuous forest plots ('controls') were specified as the reference category for models assessing fragment attributes. Fenced plots were specified as the reference category for models investigating herbivory alone. GLMMs were fit using the R package 'lme4' (version 0.999375-26, http://cran.r-project.org/web/ packages/lme4).
The effect of fragmentation on herbivore activity
Models of scat counts specified a Poisson distribution of errors with a log link function. We constructed a set of three candidate models to investigate the influence of fragmentation (e.g. fragmentation, fragment size) on scat counts. Models represented hypotheses of how herbivore activity could change following the establishment of a pine plantation matrix. The first model ('Null model') includes only an intercept term, and therefore predicts equal herbivore activity in both fragments and control (i.e. there is no pattern in the data). The second model ('Fragmentation model') predicts that herbivore activity is different in fragments compared to controls, but that herbivore activity is similar at all sampling points within fragments, regardless of fragment size. The third model ('Size model') predicts that the effect of plantation establishment on herbivore activity differs according to fragment size. Tests for overdispersion were undertaken to assess whether there was additional variance in the data than assumed by the Poisson distribution (Crawley 2007) . In no cases were models overdispersed.
The effects of herbivory and fragmentation on plant growth
Both measures of plant growth (biomass, difference in basal diameter) were fitted to a Gaussian error distribution with an identity link function. Growth of Cassinia and Kunzea was log transformed to normalize the data. We constructed a set of seven candidate GLMMs addressing the influence of herbivory and fragmentation on plant growth for each species (see online supplementary Table S1 ). Models represented hypotheses of how plant growth could change due to (i) the effects of fragmentation alone, (ii) the effects of herbivory alone, (iii) their additive effects and (iv) their interactive effects (see online supplementary Table S1 ).
Model selection
We used Akaike's Information Criterion adjusted for smallsample bias (AIC c ; Burnham and Anderson 2002) to compare the level of support for models within each candidate set. Models were ranked from lowest to highest using AIC c , with models receiving lower AIC c values having more support from the data (Burnham and Anderson 2002) . We calculated AIC c differences (∆ i )-the difference between the model with the lowest AIC c and the AIC c of all other models-to assess the number of models with support. Models having ∆ i values within two of the lowest AIC c were considered to have equal support (Burnham and Anderson 2002) , and were therefore inspected for their parameter estimates. We also calculated Akaike weights (w i ) to assess the probability that a given model is the best in the candidate set (Burnham and Anderson 2002) .
RESULTS
The effect of fragmentation on herbivore activity
Herbivore scats were recorded at all sampling points in fragmented and control forests. Based on the frequency of scats, Red-necked Wallabies were the most commonly encountered herbivores (38%), followed by Common Wombats (27%), Swamp Wallabies (20%) and Eastern Grey Kangaroos (16%). The 'Fragmentation' model was selected as having the most support for explaining differences in herbivore scat density between sites (see online supplementary Table S2 ), indicating that herbivore activity is influenced by fragmentation, but not fragment size. Parameter estimates suggest that herbivore activity was substantially higher in control areas compared to fragments (Fig. 2) .
The effects of herbivory and fragmentation on plant growth
Plant biomass outside of herbivore exclosures differed among the four target species, confirming that palatability varied among species. Cassinia was highly palatable as evidenced by a 90% reduction in biomass in the presence of herbivores. However, Poa, Kunzea and Xerochrysum were much less affected by herbivory and are therefore considered less palatable. Survival of Xerochrysum was low (1%) over the duration of the experiment. Conversely, survival was high for the long-lived perennial species (Cassinia: 94%, Poa: 99%, Kunzea: 93%).
The 'Herbivory' model was selected as the best model for explaining differences in Cassinia growth between plots (see online supplementary Table S3 ). This suggests that changes in Cassinia growth are evident across the entire experimental landscape, and are dependent on herbivory alone (i.e. not fragmentation). Parameter estimates indicate that Cassinia growth was substantially higher without herbivory ( Fig. 3a ; Table 1 ).
Both the 'Fragmentation' and 'Herbivory + Fragmentation' models were selected as having the most support for explaining differences in Kunzea growth between sites (see online supplementary Table S3 ). The 'Fragmentation' model indicates that changes in Kunzea growth are confined to areas within the fragmented portion of the landscape. Parameter estimates for the 'Fragmentation' model suggest that Kunzea growth was considerably higher in continuous forest than in fragments ( Fig. 3b ; Table 1 ). The 'Herbivory + Fragmentation' model suggests that change in Kunzea growth depends on herbivory and fragmentation, but not their interaction (i.e. additive). However, parameter estimates indicate that differences in Kunzea growth between fragments and controls are not influenced by herbivory (Table 1) .
The 'Fragmentation' model was the most parsimonious for explaining differences in Poa growth between sampling points (see online supplementary Table S3 ). This suggests that the establishment of a pine plantation influences Poa growth at all plots within the fragmented portion of the landscape equally, regardless of herbivory or the size of fragment. Parameter estimates suggest that Poa growth was considerably higher in continuous forest than fragments ( Fig. 3c; Table 1 ).
Both the 'Fragmentation' and 'Herbivory' models were selected as having the most support for explaining differences in Xerochrysum growth between sites (see online supplementary Table S3 ). However, parameter estimates indicated that differences between both fragments and controls (Table 1 ; Fig. 3d ), and unfenced and fenced plots (Table 1) , were negligible for explaining changes in Xerochrysum growth.
DISCUSSION
The effect of fragmentation on herbivore activity
We observed recent herbivore scats at every site, indicating that the plantation matrix is permeable to herbivore movement. However, we observed reduced herbivore activity (i.e. fewer scats) in the fragments compared to continuous forests. As matrix permeability is known to affect animal movements within fragmented landscapes (Fischer and Lindenmayer 2006; Lindenmayer et al. 2003; Lindenmayer and Hobbs 2004) , we suspect the reduced herbivore activity in forest fragments is likely to be the result of structural differences between the matrix and remnant forest (e.g. plantations are taller, have higher tree density and lack mid-storey component) and reductions in the availability of forage (e.g. grass cover). Hence, it is likely that habitat quality for herbivores is reduced in the fragmented portion of the landscape (e.g. resources are less numerous and harder to locate; Armstrong and van Hensbergen 1996) . As the minimum home range for all of the herbivores in our study area is almost four times as large as the largest fragment in this experiment, we suspect that herbivores use fragments as part of a wider home range, and the permeability of the pine matrix to herbivore movements allows small fragments to be visited.
The effect of fragmentation and herbivory on plant growth
Modifications to herbivore activity (either positive or negative) have been shown to change forest structure via alterations in plant growth, survival and reproductive success (Crawley 1985; Hochwender et al. 2003; Marquis 1984; Rao et al. 2001) . Given that herbivore activity was higher in continuous forests, we expected that there may be an interaction between fragmentation and herbivory on plant growth, as the impact of fragmentation on herbivore activity may combine with, or exacerbate, the indirect impacts of fragmentation on the abiotic environment (Farmilo et al. 2013) . However, we found no evidence for such interactions for the species under examination. We suspect that even low density of herbivores can negatively impact the growth of palatable species, and this is removing the possibility of an interaction or additive effect with fragmentation. Alternatively, for species that are less palatable, the effects of herbivory were so weak as to preclude an additive or interactive effect.
The influence of herbivory on plant growth at the WWHFE varied in a species-specific manner, confirming differences in palatability. Herbivory resulted in a substantial decrease in Abbreviations: ∆ i = AIC c differences, SE = standard error of parameter estimates, z = z-value testing whether parameter estimate is significantly different from zero. Coefficients in bold represent significant departures from fenced or continuous forest conditions (depending on comparisons). a log transformed.
Cassinia growth across the study area (average 90% reduction in biomass of unfenced plants compared to fenced plants), irrespective of whether plots were in fragments or continuous forest. Numerous studies suggest the impact of herbivores on plant growth, and sapling density is related to the density (and by extension activity) of herbivores (Augustine and Frelich 1998; Terborgh et al. 2001) . Our results oppose this view with the negative effect of herbivory on Cassinia growth not magnified in continuous forest, where herbivores are most active. This suggests that both controls and fragments had sufficient herbivore activity to strongly impact Cassinia biomass. Cassinia is currently uncommon in both the controls and fragments at WWHFE (Morgan and Farmilo 2012) , suggesting that herbivores (even at activity levels below those observed in continuous forest) exert a strong effect on this species distribution throughout the landscape. Herbivory did not significantly affect the growth of other focal species in control or fragmented forest, presumably because they are relatively unpalatable. Instead, we found for two species, Poa and Kunzea, a strong negative effect of fragmentation on plant growth, with plants growing more rapidly in continuous forests as compared to forest fragments. Bruna et al. (2002) noted a similar trend with an understorey herb in a fragmented landscape showing that growth of individuals in fragments was reduced compared to continuous forest. Differences in plant growth between controls and fragments are likely to be related to the impact of fragmentation on the microclimate within fragments (Farmilo et al. 2013) . Our previous work at the WWHFE showed that eucalypt fragments had higher canopy cover and soil moisture, and experienced cooler temperatures compared to continuous forests (Farmilo et al. 2013) . These findings are attributed to the now tall, mature pine plantation that surrounds and overtop the forest fragments, which limit light penetration below the canopy of fragments (Farmilo et al. 2013) . Such changes may explain the reduced growth of Kunzea and Poa within fragments. Our target species typically occur in high-light environments on relatively well-drained slopes, where limited water availability would select for stress-tolerance traits that are not necessarily capable of tolerating shading and higher water availability (Grime 2001) . Sensitivity to microclimate change is likely to vary among species (Morgan and Farmilo 2012) and explain why some species (Kunzea, Poa) appear vulnerable to fragmentation, while others (Cassinia, Xerochrysum) are not, perhaps because they have higher growth plasticity in response to environmental variation (Veneklaas and Poorter 1998) .
Species with lower growth within fragments may also experience reduced cumulative survival and reproductive output (Gagnon et al. 2011; Grime 2001) . Whether the short-term changes in plant growth we observed (due to either fragmentation or herbivory) equate to longer-term changes in plant fitness remains largely unknown. A study investigating a decade of plant growth within habitat fragments by Gagnon et al. (2011) showed that plants in fragments were significantly smaller than in unfragmented habitat. This had a clear demographic consequence-plants in fragments produced fewer inflorescences than plants in continuous forest (Gagnon et al. 2011) . The results demonstrate that reductions in plant growth may be an important mechanism contributing to reduced population viability in fragmented forests, and that the negative demographic consequences of fragmentation for plants can take years to manifest themselves. Surprisingly, little is known about the growth of plants in habitat fragments (Bruna et al. 2009 ). Therefore, it would be prudent to estimate individual lifetime fitness in order to determine whether reductions in growth caused by herbivory or fragmentation, either singularly or interactively, ultimately hasten a reduction in population growth rates.
Neither fragmentation nor herbivory influenced the growth of Xerochrysum. Change in basal diameter was unaffected by microclimatic changes associated with fragmentation or by the removal of herbivory across the landscape via fencing. As pointed out in Hobbs and Yates (2003) , responses to fragmentation and herbivory are likely to be species specific and best understood by examining change in relation to trait-based responses. Here, low palatability to herbivores, short lifespan and wide ecological tolerance are likely important traits that contribute to making this species more resistant to the effects of both disturbances studied here.
CONCLUSION
Both fragmentation (via changes in habitat filters) and mammalian herbivores (via direct consumption) can influence plant growth and may interact to exacerbate their individual influences. Our results suggest that although herbivores are less common in fragments, this does not equate to reductions in herbivore impact on palatable species in fragments. Herbivores appear to have a strong influence on the growth of Cassinia in both fragments and continuous forest, probably because even relatively low densities of herbivores can strongly limit growth of highly palatable species. This could nullify the predicted interactive effects between herbivory and fragmentation, as the fragmentation effect on habitat filters (i.e. light, moisture) is overridden by high selectivity by herbivores. For less palatable species (i.e. Poa, Kunzea, Xerochrysum), the effects of herbivory were negligible and so it is likely that the effects of fragmentation alone will be the strongest determinant of plant growth and subsequent reproductive output for such species. Thus, there likely exists a 'sweet spot' for interactions between herbivories and fragmentation-when species are moderately palatable, when their growth relates strongly to the local densities of herbivores via grazing or browsing and when those herbivores are themselves affected by fragmentation.
Finally, it is important to note that plantation landscapes are inherently dynamic (Driscol et al. 2013) , and there is thus likely to be a temporal component to these interactions. For instance, interactions between stressors may be higher during periods where resources are limited, e.g. during drought (Bennett et al. 2013; Selwood et al. 2014) , suggesting that the probability of strong (positive and negative) interactions may differ through time.
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